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Introduction
Sedimentary rocks with low permeability and porosity are under consideration in Canada as potential host rocks for a deep geological repository for the long term containment of radioactive waste. One of the benefits of these rock types for this purpose is that advection is minimized, resulting in diffusion-dominated transport of solutes. Diffusive solute transport, coupled to ion-exchange processes, is of interest because radionuclides such as 137 Cs and 90 Sr present in used fuel are subject to retention by ion exchange in both clay-based engineered barrier materials (e.g., bentonite) and in host rocks that have appreciable sorption capacity (van Loon et al., 2005) .
Quantification of transport and reaction processes affecting these solutes is, therefore, important in the assessment of material properties for a deep geologic repository. Cesium is one of the most widely studied species in sorption experiments for radioactive waste disposal (Bradbury and Baeyens, 2000; Jakob et al., 2009; Maes et al., 2008; Melkior et al., 2005; Tachi et al., 2011) . Cesium is soluble and bioavailable, and its simple speciation (occurring predominantly as the monovalent cation) makes it a good tracer for diffusion-reaction experiments (Melkior et al., 2005) .
Previous studies of Cs + transport in low permeability materials have used throughdiffusion experiments (Appelo et al., 2010; Jakob et al., 2009; Melkior et al., 2005) , column migration experiments coupled with reactive-transport modeling (Maes et al., 2008) , and in-situ studies coupled with reactive-transport modeling (Soler et al., 2013; Wersin et al., 2008) .
However, waiting for experiments to reach steady state can be very time consuming with a strongly sorbing tracer (months to years; Melkior et al., 2007) and researchers have been developing methods aimed at reducing total experimental time (André et al., 2009; Okuyama et al., 2008; van Loon et al., 2009) . Cormenzana et al. (2003) used an in-diffusion approach to measure Cs + diffusion-reaction profiles during the early, transient period of transport, but the drawback is that their technique requires destruction of the samples. An X-ray radiography method for measuring iodide diffusion described by Cavé et al. (2009) has been adapted here because Cs + is also well suited for X-ray detection due to its strong X-ray absorption. The radiography method is nondestructive and, when relatively high tracer concentrations are used, it allows rapid (days to weeks) collection of diffusion-reaction data during the transient (nonsteady-state) period of the experiment.
The cation exchange capacity (CEC) is an intrinsic property of a geologic material that limits sorption of cations such as Cs + (Melkior et al., 2005) . Studies of the sorption behavior of cations commonly rely on an independent determination of CEC (Jakob et al., 2009; Maes et al., 2008; Melkior et al., 2005; Tachi et al., 2011; van Loon et al., 2009 ). There has been debate that CEC estimates determined on crushed rock material may overestimate sorption for intact rock. André et al (2009) , Jakob et al. (2009) and Maes et al. (2008) found that there were fewer exchange sites available in intact clay rocks compared to disaggregated material. Recently, though, the general consensus has developed that, for Cs + , sorption is equivalent for disaggregated and intact systems (Altmann et al., 2012; Soler et al., 2013; Tachi et al., 2011; van Loon et al., 2009 (Bradbury and Baeyens, 1998) . For samples with very high salinity porewater, there are analytical challenges in the use of these methods because the mass of cations in the porewater overwhelms that on exchange sites. For this reason, attempts to use the Ni-en method on rock samples from the present study were unsuccessful (Koroleva et al., 2009 ). An alternative approach is needed for measuring CEC in high-salinity systems.
There are multiple approaches for presenting diffusion-related terms in the literature, so the following definitions are provided for clarity. In many previous studies of Cs + sorption (Aldaba et al., 2010; Cormenzana et al., 2003; Maes et al., 2008; Melkior et al., 2005 Melkior et al., , 2007 ) the approach has been to determine distribution coefficients (K d ) and apparent diffusion coefficients (D a ) for Cs + . The K d for Cs + sorption is known to be concentration-dependent (Bradbury and Baeyens, 2000) . The D a , being a function of K d , is also concentration-dependent. In some cases (André et al., 2009; Okuyama et al., 2008; Tachi et al., 2011) , diffusion and sorption are evaluated using effective diffusion coefficients (D e ) and K d 's; the D e values having been obtained by through diffusion using conservative (nonreactive, non-sorbing) tracers such as HTO, and the K d values from sorption experiments on crushed or intact samples. However, it has been shown that the K d approach to modeling sorption is problematic having been found to be tracer-concentration and solution-composition dependant as well as varying along a diffusion path in both space and time in non-steady-state conditions (e.g. Reardon, 1981; Staunton and Roubaud, 1997; Jakob et al., 2009) . It would be beneficial to use an alternative approach that allows direct quantification of D p for reactive elements. This study employs an equilibrium thermodynamic model for ion exchange which makes use of the concentration-independent terms D p-Cs and CEC, as well as the concentrationsensitive selectivity coefficient for Cs + exchange. The objective of this work was to develop a new and rapid method for the quantification of the D p-Cs and the CEC for intact rock samples in high salinity systems. Data sets collected using x-ray radiography combined with reactive transport modeling were used to determine these parameters simultaneously in a time efficient manner. Selectivity coefficients, which vary for Cs + depending on the sorption site considered, are available from the literature over a range of Cs + concentrations (Appelo et al., 2010; Bradbury and Baeyens, 2000; Liu et al., 2004; van Loon et al., 2009; Zachara et al., 2002 ) and the results from this work are compared in context with the findings of other researchers.
Materials and methods
The method is a modification of the radiographic technique that was developed for I -diffusion measurements (Cavé et al., 2009) Briscoe et al. (2010) and Pinder (2009) .
Samples for the Cs + diffusion experiments were prepared from an 18-mm thick core segment cut normal to the core axis, and then drilling six subcores (11 mm diameter) from the core segment. The subcores were orientated with the core axis normal to the bedding plane.
Three of the subcores were used to determine the diffusive transport properties of the rock using the non-sorbing I -tracer and the other three for coupled diffusive transport with sorption using a Cs + tracer. Water-accessible porosity, φ w , measurements (Table 1) were performed as described in Cavé et al. (2009) from off-cuts of the core segment from which the subcores were removed.
Additional porosity measurements and the mineralogy of the Queenston Formation shale from related studies are included in Table 1 .
Measurement of diffusion properties
The measurements were conducted with the samples mounted in diffusion cells (Fig. 1 ).
The circumference of each subcore was brushed with a thin layer of silicone then enclosed in heat-shrink tubing (3M FP-301). Discs of felt fabric, used to prevent the formation of air pockets, and ceramic caps (11 mm diameter, 3 mm height) that act as internal standards to correct for changes in the intensity of the X-ray source over time, were positioned inside the tubing on top of the samples. There are threaded holes in the ceramic discs to allow access for solutions. Two wire alignment guides were fixed at 180° from each other along the sides of the samples. The bottoms of the samples were secured in reservoirs constructed from Delrin®. A small amount of porewater loss may occur due to evaporation during sample preparation, and in order to ensure saturation before commencing the experiments, the reservoirs were filled with synthetic porewater (SPW; Table 2); SPW was injected into the hole in the ceramic disc to wet the top surface. The reservoirs and the ceramic cap were sealed and the solutions were refreshed weekly over a period of seven weeks.
Diffusion tests were initiated by replacing the SPW in the bottom reservoirs with tracer solution (Fig. 1) . Approximately 5 times the reservoir volume (20 mL) of 1.0 mol/L I -or 1.0 mol/L Cs + tracer solution (Table 2 ) was flushed through the reservoirs to ensure complete replacement of the SPW with tracer solution. The tracer concentrations were selected to produce high signal-to-noise ratios in the radiographs. Reference radiographs (for background subtraction) were collected immediately after tracer addition to the reservoir. The X-ray images were collected with a Skyscan 1072 Desktop MicroCT system using 90 kV source potential, 110
μ A current, 10 s exposure and 8 frame image averaging (total collection time of 80 s). A one-mm aluminum filter was used to remove low energy X-rays and the CCD detector was flat-field corrected. Radiographs were collected as 16 bit TIFF image files. Reference images were collected in triplicate for each sample to evaluate data reproducibility.
Time-series radiographs were collected using the same positioning and operating conditions as for the reference radiographs. Radiograph collection continued at intervals of one day for the first three days, increasing to every three days over a period of two weeks. The tracer solutions were refreshed every three days to maintain a constant concentration boundary condition for the experiments. The estimated decrease in Cs + concentration in the tracer reservoir, based on model output for the total mass of Cs + that diffused into the samples in three days, is 3.5%. Therefore, the assumption of constant concentration boundary conditions in these experiments is valid. The I -diffusion experiments ended when image processing revealed that the tracer had broken through the upper end of the sample.
As a requirement for the measurement of φ I , the samples were allowed to saturate with I -from both ends by removing the screw in the ceramic cap and immersing them in the tracer solution. Radiographs were collected intermittently through this I -saturation period and samples were deemed saturated when there were no detectable changes in consecutive images. All samples were stored at room temperature (23°C) in a closed container with an open dish of SPW to maintain humidity and prevent evaporative drying.
Radiograph data processing
Data are collected in the form of two-dimensional (2D) digital radiographs where the greyscale value at each pixel is a function of the X-ray intensity measured at the detector. X-ray sources are polychromatic and the measured intensity is a function of the density and atomic number of the sample material and the energy of the X-rays (Wildenschild et al., 2002) , but for simplicity, the measured intensity is commonly represented by the Beer-Lambert law:
which treats the incident beam as a monochromatic source. In equation 1, I is the measured Xray intensity (greyscale value); I 0 is the source X-ray intensity; µ is the X-ray attenuation coefficient; and d is the thickness of the sample. For our purposes, intensity measurements from 2D radiographs are integrated horizontally across the width of the sample, producing 1D profiles of X-ray intensity versus distance along the axis of the sample. Using an approach from Cavé et al. (2009) in which the difference in X-ray attenuation between a reference image (time = 0) and a time-series image (time = t), the attenuation due to the presence of the tracer is calculated as:
The thickness, d, of the samples is constant and can be canceled out, leaving ∆µ.
The open-source ImageJ software (Rasband, 2012) was used to analyze the radiograph data. The average greyscale intensity of the internal standard was used to correct for variability in the X-ray source. Plots of the change in X-ray attenuation (∆μ t ) versus distance were prepared for each time step.
For the non-sorbing tracer, I -, at each point (x) in the profile the value of ∆µ is a function of the mass or concentration (C) of I -in the pore fluid intersected by the X-ray beam. For reactive tracers, such as Cs + , the value of ∆µ is a function of the total mass in the volume intersected by the X-ray beam which includes both dissolved and adsorbed Cs + . Relative concentration profiles for I -were developed using:
where ∆µ sat is obtained from the tracer-saturated sample. This relative approach does not require knowledge of sample porosity. The D p-I for the non-sorbing tracer in one dimension is determined by least-squares regression fit to an analytical solution of Fick's Second Law:
where C is the measured concentration of the tracer at position x (m); C 0 is the constant concentration of the tracer at the influx boundary; t is the time (s) since the start of diffusion; and D p is the pore-water diffusion coefficient (m 2 /s).
Profiles of ∆μ sat are used to calculate φ I . When the ∆μ sat data are acquired, the aqueous concentration of I -at all locations is equal to C 0 ; therefore, variations in the value of ∆μ along the length of the sample reflect differences in φ I . Spatially resolved values for φ I can be determined with a calibration function that relates the mass (concentration) of I -in a sample to ∆μ:
where m is the slope of the linear calibration function. Three calibration matrices were used to develop calibration functions for the I -and Cs + tracers: a glass vial, a ceramic material and natural sandstones. errors that relate to differences in X-ray beam hardening between the solution-filled calibration vials and the rock samples. The effect of beam hardening must be accounted for and this has been done empirically by calibrating with standard solutions in three different materials (Fig. 2) .
The use of glass vials filled with solutions as reported by Cavé et al. (2009) (Fig. 2b) . This approach is justifiable because the differences in the slopes for the calibration curves for the glass vial, sandstones and ceramic are due to differences in the beam hardening characteristics of the materials which are constant regardless of the composition of the filling solution.
The sandstone equivalent calibration function for Cs + (Fig. 2b ) was used to calculate porewater-equivalent, relative Cs + concentrations versus distance at each time step:
The concentration profiles were scaled by the φ w values from DGR3-468.02 (Table 1) . They represent total concentrations because the Cs + mass actually resides in the porewater and on the exchange sites.
The calibration solutions were derived from a SPW matrix, replacing the NaCl in the SPW (Table 2) with NaI or CsCl salts as required. Data collection for the calibrations used identical operating conditions to those for experimental data collection. Duplicate standards and repeat radiographs were used to determine experimental precision for ∆μ.
Diffusion-reaction simulations
The multicomponent reactive transport code MIN3P-NWMO (Mayer et al., 2002; Bea et al., 2011) Initially, material in each cell was assigned a CEC and equilibrated with SPW. The bulk dry density was 2.54 g/cm 3 and the bulk porosity used for the simulations was 0.109 (Table 1) .
Simulations were conducted with no advective transport (i.e., diffusion only). Prescribed constant-concentration and zero-mass-flux boundary conditions were imposed at the influx boundary and at the end of the domain, respectively. Ion activity coefficients were calculated using an ion-interaction approach (HW model, Harvie et al., 1984) , as implemented by Bea et al. (2010 Bea et al. ( , 2011 . The Cs + ion interaction parameters selected for the model from various literature sources were added to the Harvie et al. (1984) virial coefficients database, and are shown in Table 3 . Coefficients obtained from measurements in the NaCl-CsCl system were favored when selecting from a range of available literature values. In addition to Cs + -Na + exchange, equilibrium-controlled ion-exchange reactions based on the Gaines-Thomas convention (Mayer et al., 2002) were included for the major ions in the SPW and tracer solutions (log K Cation/Na+ = Na + 0.0, K + 0.7, Ca 2+ 0.8, Mg 2+ 0.6; Appelo and Postma, 1993) . Within MIN3P, all exchange reactions are referenced to Na + and, as described in Appelo and Postma (1993) , the exchange coefficients for other cation pairs are obtained by combining the appropriate Na-based reactions.
Therefore, competitive exchange with other cations is implicitly accounted for in the model.
During parameter estimation, the selectivity coefficients for other cations were held constant and only log K Cs+/Na+ was optimized.
Results and Discussion

Iodide
The analytical solution for diffusive transport provides a very good fit to the I -relativeconcentration profiles (Fig. 3) . The combined geometry of the samples and the cone-shaped Xray beam causes some minor blurring of the signal near the influx boundary. This results in loss of data over a 2.0-2.5 mm distance from the boundary. However, the fitting procedure relies on the whole data profile and the influence of this data gap near the boundary on the D p-I determination is negligible.
The variation in the best-fit D p-I value over time (Fig. 3) arises from sample heterogeneity. The mean of the best-fit D p-I values then represents a bulk D p-I for the sample and the standard deviation (σ) gives an indication of the variability in the sample (Table 4 ). The radiography data for the non-sorbing I -tracer can also provide spatially-resolved, onedimensional φ I profiles (Fig. 3) , which provide an indication of the variability in sample porosity.
The φ I values reported in Table 4 
Cesium
The radiography technique measures the change in X-ray absorption as a function of the mass of Cs + in the X-ray path, and the relative concentrations presented in Fig. 4 represent Cs + in the pore solution and on exchange sites. As a result, the relative concentrations exceed unity near the boundary as Cs + mass increases in the pore fluid and additional Cs + accumulates on the exchange sites (Fig. 4a) .
The experimental Cs + profiles cannot be fit with diffusion-only (no sorption) simulations (Fig. 4a) as was done for I -, but a good fit is obtained with the model that couples diffusion and single-site cation exchange (Fig. 4b) The PEST code provides an indication of the degree of parameter correlation when fitting multiple parameters simultaneously. A moderate degree of correlation was indicated between D p-Cs and log K Cs+/Na+ (correlation coefficients for the three samples ranged from -0.59 to -0.61) and D p-Cs and CEC (correlation coefficient range 0.55 to 0.56), but a high degree of correlation was indicated between log K Cs+/Na+ and CEC (correlation coefficient range -0.94 to -0.95). To further investigate parameter correlation, PEST was used to fit two parameters simultaneously while holding one parameter constant. When fitting D p-Cs to either log K Cs+/Na+ or CEC, the correlation dropped in magnitude to 0.0 -0.3, indicating that D p-Cs is, in fact, independent of log K Cs+/Na+ and CEC. However, while holding D p-Cs constant, the correlation coefficient between log K Cs+/Na+ and CEC does not decrease. To test the independence of these two variables, PEST was used repeatedly to find the best fit while changing the initial values to force convergence from different directions (Poeter and Hill, 1998) . Parameters for samples D and F were estimated an additional five times with the initial values ranging from 0.5 to 5.0 (log K Cs+/Na+ ), 2.0 to 20 meq/100 g (CEC), and 2.0 x10 -11 to 6.0 x 10 -10 m 2 /s (D p-Cs ). In all cases, the best-fit parameter values fell within the 95% confidence intervals determined for the initial estimations (Table 4 ). These results indicate that the correlation between log K Cs+/Na+ and CEC is still low enough to provide a unique estimation for all three parameters. . The relatively high Cs + diffusion coefficients commonly reported in the literature are typically attributed to preferential transport through clay interlayers and/or externally bound double-layer water (Altmann et al., 2012; Appelo et al., 2010; Jakob et al., 2009; Melkior et al., 2007; Tachi et al., 2011; Wersin et al., 2008) . The overall transport rate, however, for the cation species Cs + is slower than for conservative tracers because of sorption effects (Fig. 4a) . The D p-Cs values from this study are approximately two orders of magnitude lower than the D p-Cs values reported from European and Japanese argillaceous sediments (Table   4 ). This magnitude of difference is consistent with the low diffusion coefficients measured in the Queenston Formation shale using other tracers (I -and HTO) Cavé et al., 2009; Mazurek et al., 2008; Tachi et al., 2011; Xiang et al., in press) and are attributable to the lower bulk porosity of the Michigan Basin shale (Table 4 ).
The mean log K Cs+/Na+ value of 1.5 is very close to the value of 1.6 determined by Bradbury and Baeyens (2000) for planar sites on illite (Table 4) . Other reported values for log K Cs+/Na+ on various exchange sites tend to be higher (Table 4) , but increasing log K Cs+/Na+ to 2.0 or greater produces a steepening of the simulated profiles that is not observed in the experimental data (Fig. 5a) . Similarly, lower values for log K Cs+/Na+ , such as the value of 1.097
for soil reported by Appelo and Postma (2005) , reduces the curvature of the simulated profile and does not fit well with the experimental data (Fig. 5a ).
The mean CEC value of 8.4 ±0.3 meq/100 g is lower than the CEC value of 12.5 reported by Barone et al. (1990) for disaggregated Queenston shale from a shallow drill core containing low salinity porewater. In this work, inclusion of CEC values greater than 8.4 meq/100 g in the simulations leads to overestimation of the relative Cs + concentration at the influx boundary and a slight over-steepening of the profile (Fig. 5b) . Natural variation in mineralogy of Queenston Formation shale (Table 1) , and variations in porewater salinity may account for the difference between the CEC reported by Barone et al. (1990) and that obtained by the present experiments.
Cation exchange capacity values for other argillaceous formations that are under consideration for radioactive waste disposal are relatively high but also variable within formations (9.5-25 meq/100 g; Table 4 ).
It is not possible to measure the Cs + -accessible porosity in a manner similar to the determination of φ I . Instead, the quantification of relative Cs + concentrations relies on a calibration curve, with the Δ μ measurements scaled by φ w (Equation 6 ). For the diffusion-reaction experiment, it is assumed that there are no ion exclusion effects and that 100% of the wateraccessible porosity is also accessible to Cs + . Other studies have applied the HTO-accessible porosity, φ HTO , to the Cs + cation (e.g., Maes et al., 2008) . Small differences in porosity can lead to significant differences in the calculated C/C 0 values. Porosity is also used as a scaling parameter when converting between D p and D e . Thus, it is important to evaluate the sensitivity of the results to variations in the measured porosity.
The diffusion-reaction modeling was performed by adjusting the value of porosity by ±10% (0.098 and 0.120) and determining the best-fit parameter values. Decreasing the porosity by 10% results in an increase in CEC of 9%, an increase in log K Cs+/Na+ of 0.6%, and a decrease in D p-Cs of 0.1%. Increasing the porosity by 10% results in changes of similar magnitude but opposite sign for the fitted parameters. These results demonstrate that the estimations of log K Cs+/Na+ and D p-Cs are insensitive to porosity, but the estimation of CEC is quite sensitive to porosity. Surface reactions are dependent on the solid to liquid ratio which accounts for the sensitivity of CEC to porosity. Given the method sensitivity to porosity and the natural variations in porosity − a range of 0.078 -0.109 has been measured in the Queenston Formation shale (Table 1 ) − bulk porosities should be measured from sub-samples of the same material used for the diffusion experiments as opposed to using a generic average porosity for a Formation.
Conclusions
An X-ray radiography method has been applied to the estimation of diffusion-reaction parameters for Cs + transport in low permeability sedimentary rock. Cesium transport was monitored non-destructively to obtain time-and space-resolved profiles of relative Cs Despite the correlation between log K Cs+/Na+ and CEC, it was possible to obtain a unique estimation for all three parameters. This method of determining CEC avoids the problems of high porewater salinity that confound CEC measurements by common batch sorption experiments, and given that CEC is independent of tracer concentration, these CEC values are also applicable to the range of Cs concentrations expected in engineered barriers and host rocks to radioactive waste repositories. The selectivity coefficient determined for Cs + using this approach is consistent with the literature values of log K Cs+/Na+ for Cs + sorption dominated by planar sites. Future research will determine whether selectivity coefficients can be determined by this method for exchange sites that are relevant at much lower Cs concentrations using a multi-site sorption model. 
Highlights
• X-ray radiography was used to determine Cs transport parameters in intact rock.
• Reactive-transport modeling was used to simultaneously estimate 3 parameters.
• D p-Cs = 7.6 x 10 -11 m 2 /s, log K Cs+/Na+ = 1.5 and CEC = 8.4 meq/100 g in shale. 
